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Phosphorylated nitrate reductase from spinach leaves is
inhibited by 14-3-3 proteins and activated by fusicoccin
Greg Moorhead*, Pauline Douglas*, Nick Morrice*, Marie Scarabel†, 
Alastair Aitken† and Carol MacKintosh*
Background: Nitrate reductase (NR) in leaves is rapidly inactivated in the dark
by a two-step mechanism in which phosphorylation of NR on the serine at
position 543 (Ser543) promotes binding to nitrate reductase inhibitor protein
(NIP). The eukaryotic 14-3-3 proteins bind to many mammalian signalling
components (Raf-1, Bcr, phosphoinositide 3-kinase, protein kinase C,
polyomavirus middle-T antigen and Cdc25), and are implicated in the timing of
mitosis, DNA-damage checkpoint control, exocytosis, and activation of the plant
plasma-membrane H+-ATPase by fusicoccin. Their dimeric, saddle-shaped
structures support the proposal that 14-3-3 proteins are ‘adaptors’ linking
different signalling proteins, but their precise functions are still a mystery.
Results: We purified NIP to homogeneity and established by means of
amino-acid sequencing that it is a mixture of several 14-3-3 isoforms. Mammalian
and yeast 14-3-3 proteins were just as effective as NIP at inhibiting
phosphorylated NR. The sequence around Ser543, the phosphorylation site in
NR, is strikingly similar to the sequences around the phosphoserine residues
(Ser259 and Ser621) of mammalian Raf-1 that interact with 14-3-3 proteins. We
found that NIP activity was blocked by a synthetic phosphopeptide
corresponding to residues 251–266 of Raf. Fusicoccin also blocked NIP activity,
and plant plasma-membrane H+-ATPases were activated by either fusicoccin,
the phosphoserine259-Raf-1 peptide, or protein phosphatase 2A.
Conclusions: Our findings establish that the mechanism of inactivation of NR
involves the phosphorylation of Ser 543 followed by interaction with one or more
plant 14-3-3 proteins. These results support the idea of a common mechanism
for binding of 14-3-3 to its targets in all eukaryotes, and suggest that the
phosphoserine259-Raf-1 peptide and fusicoccin may be of general use for
disrupting the interaction of 14-3-3 with its target proteins. We propose that the
plant plasma-membrane H+-ATPase is regulated in an analogous manner to
NR–NIP, and speculate that 14-3-3 proteins provide a link between ‘sensing’ the
activity state of NR and signalling to other cellular processes in plants.
Background
Nitrate is both a nutrient for plant growth and a signal that
influences plant development [1]. The nutritional aspects
are obvious; the cytoplasmic enzyme nitrate reductase
(NR) reduces nitrate from the soil to nitrite, which is
further reduced by the plastidic nitrite reductase (NiR) to
give ammonium for synthesis of amino acids [1]. Nitrate
and its metabolites, however, are also signals whose pat-
terns of supply throughout a season regulate cellular
metabolism and gene expression (including induction of
NR expression by nitrate), and influence plant develop-
ment [1]. The hope of designing transgenic crop plants
that would channel nitrate from fertilizers more efficiently
into their harvest organs focuses attention on the mecha-
nisms that control the assimilation of nitrate and that
mediate its roles in plant signalling.
Expression of NR and NiR requires both a light signal
(mediated by phytochrome) and external nitrate, and NR
and NiR proteins are degraded if plants are left in the dark
for a few days [1]. NR is also regulated, however, by a post-
translational mechanism, being activated within minutes in
response to light, carbon dioxide (both effects are mediated
through changes in photosynthesis), nitrate, protein syn-
thesis inhibitors, and anoxia [2–4], and being inactivated in
the dark and in response to osmotic stress [2,3]. Regulation
of NR in these ways is thought to be linked with control of
cytosolic pH and carbon metabolism, and with coordination
of cytosolic and plastidic metabolism [1,2].
In spinach leaves, NR inactivation in the dark occurs by
an unusual two-step mechanism in which NR is phospho-
rylated on the serine at position 543 (Ser543) [4], which
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has no direct effect on enzyme activity, but instead allows
NR to interact with another protein termed nitrate reduc-
tase inhibitor protein (NIP) [4–7]; it is the interaction of
NIP with phosphorylated NR that is responsible for inhi-
bition [4,7]. On illumination of leaves, NR is reactivated
by dephosphorylation (by a microcystin-sensitive protein
phosphatase, probably type 2A) [3,7] and/or dissociation of
NIP [7]. NIP cannot inhibit dephosphorylated NR [4,7],
NR in which the regulatory serine (Ser534 in the
Arabidopsis sequence) is mutated to alanine or aspartate
[8], or NR whose amino-terminal tail has been proteol-
ysed [4] or mutated [9]. Here we purify NIP from spinach
leaves and demonstrate that it is a mixture of several plant
14-3-3 proteins. 
The 14-3-3s are a family of highly conserved and abun-
dant eukaryotic proteins whose binding interactions with
oncogenes, signalling proteins and cell-cycle regulators
(the protein kinase Raf [10–12], polyomavirus middle-T
antigen [13], Bcr, the Bcr–Abl kinase chimera found in a
human leukemia [14], the p110a catalytic subunit of phos-
phoinositide 3-kinase (PI 3-kinase) [15], and Cdc25 phos-
phatases [16]) have attracted considerable attention in the
field of mammalian signal transduction [17–19]. The 14-3-
3 proteins also inhibit protein kinase C [20], activate tyro-
sine hydroxylase (provided it is phosphorylated by CaM
kinase II) [21], and are implicated in stimulation of
Ca2+-dependent exocytosis [22], as solubility cofactors for
phosphorylated keratins [23], in binding the phytotoxin
fusicoccin in plants (which leads to activation of the
plasma membrane H+-ATPase) [24], in transcriptional reg-
ulation in plants [25], in timing of mitosis, in vesicular
transport and Ras signalling in Saccharomyces cerevisiae [26],
in control of a DNA-damage checkpoint in Schizosaccha-
romyces pombe [27], and as the host factor that activates
ADP-ribosylation of host proteins in animal cells by the
soil bacterium Pseudomonas aerigunosa [28].
Despite this bewildering array of targets, there is little
understanding of how 14-3-3 proteins actually function.
For example, a role for 14-3-3s in activating Raf was sug-
gested because microinjected 14-3-3s stimulated Raf
activity in Xenopus oocytes [11]. Also, Ras-dependent acti-
vation of mammalian Raf, when both proteins were
expressed in S. cerevisiae, required the yeast 14-3-3 homo-
logue BMH1 [29]. However, 14-3-3s do not trigger Raf
activation directly, because a Raf-1 protein that cannot
interact with 14-3-3 is still active [30], and removing
14-3-3 proteins from activated Raf-1 has no effect on
kinase activity (D. Alessi and P. Cohen, personal commu-
nication). Perhaps, 14-3-3s stabilize the activated Raf-1 or
permit its activation by Ras and/or other mechanisms.
In several cases, prior phosphorylation of the target protein
has been shown to be essential for 14-3-3 binding
[14,21,23], and recently, an advance in understanding
specificity has come from the discovery that interactions
between Raf-1 and 14-3-3s are blocked by synthetic phos-
phopeptides derived from Raf-1 and carrying the sequence
motif RSXS*XP (using the single-letter amino-acid code,
where X is any residue and S* is phosphorylated serine)
[31]. All of the known mammalian 14-3-3 targets carry
motifs that are identical or similar to RSXS*X(P) [17,31].
Solution of the three-dimensional structures of 14-3-3s
[32,33] has revealed that they form homodimers and het-
erodimers with a broad cleft that may be able to accommo-
date more than one protein, giving rise to the idea that
14-3-3s might be ‘adaptors’ to mediate association
between pairs of signalling molecules [17–19,32–34].
There are suggestions that pair-wise interactions between
PI 3-kinase/polyomavirus middle-T antigen and Raf-1/Bcr
(for example, [35]) might be mediated by 14-3-3s. There is
no obvious physiological rationale for these interactions,
however, and all of these ideas about ‘priming’ and
‘adaptor’ functions for 14-3-3s provoke many questions of
specificity, control and effects of target pairing.
In contrast to these uncertainties, here we demonstrate a
clear physiological role for 14-3-3s in regulating the activity
of nitrate reductase (NR), a key enzyme in plant nitrogen
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Figure 1
Spinach NIP or mammalian 14-3-3s inhibit phosphorylated NR in the
presence of Mg2+. A 0–30% (NH4)2SO4 fraction (containing NR and
NR kinase) was preincubated in the presence or absence of Mg-ATP
(to allow phosphorylation of NR on Ser 543 [7]), and the presence or
absence of 100 nM 14-3-3s (either spinach NIP, black bars, or a brain
14-3-3 mixture, light bars), as indicated. NR assays were carried out in
the presence of either 10 mM MgCl2 or an excess of EDTA, as
indicated (see Materials and methods). Results are means of duplicates
and are typical of many experiments carried out. These results show
that inactivation of NR is dependent on both phosphorylation of NR (by
NR kinase and Mg-ATP in the preincubation), and subsequent inhibition
by NIP or other 14-3-3s in the presence of Mg2+ (in the preincubation
and the NR assay).
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metabolism. Our findings support the idea of a common
mode of interaction between 14-3-3s and their various
targets, suggest that fusicoccin may disrupt the inter-
actions of 14-3-3 proteins with any target, and introduce a
new model for regulation of the plasma membrane
H+-ATPase based on the NR–NIP paradigm.
Results
Purification of NIP
NIP was assayed for its ability to inhibit phosphorylated
NR in the presence of magnesium ions (Fig. 1). A typical
purification of NIP from spinach leaf extracts is summa-
rized in Table 1. The phenyl columns were included,
despite the losses of activity, to remove several contami-
nating proteins. The apparent increase in yield at the Q-
Sepharose anion-exchange step was due to removal of
another protein that interfered with the NIP assay and
that was eluted in the 0.2 M NaCl wash of this column
(not shown). This means that the true final yield (%) and
purification factor for NIP were actually lower than shown
in Table 1. It had been expected that NIP would require a
fairly low purification factor because a spinach leaf extract
Table 1
Purification of NIP from spinach leaves.
Step Volume Protein Units Specific activity Fold Yield
(ml) (mg) (units mg–1) purification (%)
Crude 850 2635 – – – –
Ammonium sulphate 50 900 3334 3.7 1 100
pH 5.5 50 790 3125 3.95 1.1 93
Q-Sepharose 24 46 7059 154 42 218
Phenyl Sepharose 5.2 9.4 4000 426 115 120
Mono-Q 3.0 4.5 3850 856 231 115
Superose 6 1.0 1.0 4000 4000 1081 120
Phenyl Superose 4.4 0.74 2422 3273 885 73
NIP was purified from 500 g of leaves, and data shown are typical of four separate preparations.
Figure 2
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(a) Elution profile of NIP activity from the final Phenyl Superose
column. Peak fractions from the Superose 6 column were loaded at
0.5 ml min–1 onto a Phenyl Superose HR5/5 column (Pharmacia)
equilibrated in buffer A containing 30 % (NH4)2SO4 (1.25 M). The
column was developed with a linear gradient of 30–0 % (NH4)2SO4 in
buffer A (dashed line) over 40 min at 0.5 ml min–1 and 1 ml fractions
were collected. The A280 profile is shown by a solid line. Fractions
were assayed for NIP activity (shown as % inhibition of NR; filled
circles). (b) An SDS–polyacrylamide gel of fractions from the final
Phenyl Superose column. Active fractions from the final Phenyl
Superose chromatography step of an NIP preparation were denatured
and separated by SDS–PAGE using a 12 % gel. Fraction numbers
refer to the profile shown in (a), and the numbered bars indicate the
molecular weight values in kDa.
contained several times more NIP than was required to
inhibit all the (phosphorylated) NR in the extract (from
which ∼ 5000-fold purification gave pure NR). 
NIP activity was eluted as a single symmetrical peak
during chromatography on every column, until the final
Phenyl Superose, where the NIP activity profile showed a
pronounced asymmetrical tail (Fig. 2a). In the final Phenyl
Superose fractions, two protein bands with apparent mole-
cular weights of 33 and 32 kDa (bands 1 and 2, respec-
tively) on SDS–PAGE co-eluted exactly with the peak of
NIP activity, whereas the lower bands of 31 and 29.5 kDa
(bands 3 and 4, respectively) were eluted slightly later,
with the ‘tail’ of NIP activity (Fig. 2b). The co-migration
of these bands with NIP activity throughout purification,
and the absence of any other proteins on an SDS gel that
was heavily loaded with the peak NIP fraction from the
final purification step (Fig. 2b and data not shown),
suggested that these were the proteins having NIP activ-
ity. The apparent molecular weight of NIP was 71 kDa on
Superose 6 gel filtration (not shown), consistent with
homodimers and/or heterodimers of subunits of ∼ 30 kDa.
NIP is a mixture of 14-3-3 proteins
Peptides produced from tryptic digests of each of the four
protein bands from purified NIP were sequenced and every
peptide could be aligned with the consensus sequence for
the 14-3-3 family [18] and the sequence of the first of six
Arabidopsis 14-3-3 isoforms to be identified, GF14 (Fig. 3)
[25]. In particular, each NIP band yielded a peptide that
started (in alignment with residue 229 of the GF14
sequence; Fig. 3) with the sequence DNLTLWTSD but
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Figure 3
Alignment of NIP peptide sequences with 14-3-3 sequences. Peptide
sequences derived from tryptic digests of bands 1–4 cut from an
SDS–polyacrylamide gel of a NIP preparation (band 1 is the band of
highest molecular weight, and band 4 the lowest; Fig. 2b) are shown in
alignment with a consensus 14-3-3 sequence [18], and the sequence of
GF14, a 14-3-3 from the plant Arabidopsis thaliana [25]. The consensus
14-3-3 sequence [18] shows the invariant or very highly conserved
residues in upper case letters. The peptide MLAVEGXREENVYLAKL
from band 2 was detected in trace amounts by sequencing the
undigested protein. As in the case of other 14-3-3 proteins, no sequence
was obtained from undigested bands 1, 3 and 4, suggesting that these
proteins are blocked at the amino terminus.
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Figure 4
Inhibition of phosphorylated NR by NIP and other 14-3-3 proteins. NR
activity was assayed after preincubation of NR, NR kinase and Mg-ATP
for 10 min with the indicated concentrations of the following 14-3-3
proteins: filled circles, spinach leaf NIP 14-3-3 mixture; open triangles,
mammalian brain 14-3-3 isoform mixture; filled triangles, His-tagged
BMH1 (S. cerevisiae); open squares, His-tagged BMH2 (S. cerevisiae);
open circles, bacterially expressed mammalian 14-3-3z; filled squares,
bacterially expressed mammalian 14-3-3t. Values represent means of
duplicate determinations.
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thereafter the four sequences diverged, confirming that
each of the four bands represented a distinct 14-3-3
isoform. It was not possible, however, to assign an isoform
name to any NIP band because the variable sequences
were different from any of the published 14-3-3 isoform
sequences. For some peptides derived from band 1,
sequencing gave a clean single sequence for the first few
cycles of Edman degradation, with a mixed sequence in
later cycles, suggesting that band 1 might itself be a
mixture of two or more 14-3-3 isoforms. Polyclonal anti-
bodies raised against a mixture of mammalian brain 14-3-3s
recognised the NIP-14-3-3 proteins on western blots (data
not shown).
Yeast and mammalian 14-3-3 proteins are just as
effective as plant 14-3-3 proteins in inhibiting NR
The bacterially-expressed His-tagged Saccharomyces cere-
visiae 14-3-3 isoforms BMH1 and BMH2 and a mixture of
14-3-3s purified from mammalian brain each had NIP
activity. The potencies of the yeast and mammalian
14-3-3s were similar to that of the purified spinach NIP
14-3-3 proteins, with IC50 values (values giving 50% inhibi-
tion) of around 2 mg ml–1 (equivalent to 40 nM for dimers
of ∼ 30 kDa; Fig. 4). Bacterially expressed mammalian 14-
3-3z and 14-3-3t also inhibited phosphorylated NR, but
with higher IC50 values of approximately 5 mg ml–1
(100 nM of dimers) and 10 mg ml–1 (200 nM), respectively
(Fig. 4). As was the case for plant NIP 14-3-3s, the inhibi-
tion of NR by the mammalian and yeast 14-3-3s was
dependent on both phosphorylation of the NR and the
presence of Mg2+ (Fig. 1, and data not shown).
NIP activity is blocked by a phosphopeptide derived from
mammalian Raf-1
Interestingly, the sequence around the regulatory phos-
phorylation site Ser543 of spinach NR (RTAS*TP) is
similar to the Ser259 (RSTS*TP) and Ser621 (RSAS*EP)
phosphorylation sites on Raf-1 that interact with 14-3-3s
[31]. Consistent with similar mechanisms for the 14-3-
3–Raf-1 and NIP–NR interactions, a synthetic phospho-
serine259–Raf-1 peptide (LSQRQRSTS*TPNVHMV)
completely blocked the inhibition of phosphorylated NR
by NIP (Fig. 5) with an IC50 value of 3 mM, similar to the
potency of a related peptide in blocking binding of 14-3-3z
to Raf-1 [31]. An unrelated phosphopeptide and the
S259A–Raf-1 peptide (LSQRQRSTATPNVHMV) had no
effect on NIP activity, and the phosphoserine259–Raf-1
peptide had no effect on NR activity in the absence of
NIP (Fig. 5 and data not shown).
NIP-14-3-3 activity is blocked by fusicoccin
The receptor for the fungal phytotoxin, fusicoccin, has
been shown to be a membrane-bound plant 14-3-3 protein
Figure 5
Effect of synthetic peptides on inhibition of NR by NIP 14-3-3 proteins.
Synthetic peptides (indicated concentrations) and spinach NIP
14-3-3s (100 nM) were preincubated for 10 min at 30 °C, and added
to NR, NR kinase, and Mg-ATP for a further 10 min incubation at 30 °C
(see Materials and methods). The inhibition of NR (that is, NIP activity)
was determined. The synthetic peptides are: filled circles,
phosphoserine259–Raf-1 peptide LSQRQRSTS*TPNVHMV; filled
triangles, S259A–Raf-1 peptide LSQRQRSTATPNVHMV; open
circles, an unrelated phosphopeptide, SPQPSRRGS*ESSEEV
(derived from the site 1 phosphorylation site on the GM subunit of
PP1). The 100 % NIP activity is equivalent to 70 % inhibition of NR in
the standard assay (see Materials and methods).
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Figure 6
Effect of fusicoccin on NIP activity. Fusicoccin and spinach NIP
14-3-3s were preincubated for 10 min at 30 °C, and added to NR, NR
kinase and Mg-ATP for a further 10 min at 30 °C (see Materials and
methods). The inhibition of NR (that is, NIP activity) was determined.
Preincubations and assays were carried out in the standard assay
buffer (see Materials and methods) at pH 7.5 (open squares), or in
Mes-NaOH at pH 6.5 (filled squares). At pH 7.5, 100 nM NIP 14-3-3s
inhibited NR by 70 % (which is therefore 100 % NIP activity at pH
7.5), whereas at pH 6.5, 100 nM NIP 14-3-3s inhibited NR by only
30 % (which is 100 % NIP activity at pH 6.5). Values are means of
duplicates and are typical of three experiments.
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[24]. We found that fusicoccin completely blocked the
inhibition of phosphorylated NR by the NIP 14-3-3s. At
the standard pH used in our NIP assays (pH 7.5), 200 mM
fusicoccin caused half-maximal inhibition of NIP activity
(Fig. 6). At pH 6.5 the fusicoccin was ten-fold more potent
(Fig. 6), although the NIP activity in the absence of fusic-
occin was also markedly reduced at pH 6.5 (see Fig. 6
legend). Fusicoccin did not affect NR activity in the
absence of 14-3-3s, or NR kinase activity (data not shown).
Plasma membrane H+-ATPase from radish is activated by
either fusicoccin, the synthetic phosphoserine 259–Raf-1
peptide, or protein phosphatase 2A
Our finding that fusicoccin blocked the inhibition of phos-
phorylated NR by NIP 14-3-3s (Fig. 6) suggested that the
mechanism by which fusicoccin activates the plasma
membrane H+-ATPase [24] might also involve blocking
inhibition of the ion pump by the (fusicoccin receptor)
14-3-3. We found that, like NR, addition of either the syn-
thetic phosphoserine 259–Raf-1 peptide, protein phos-
phatase 2A, or fusicoccin to radish plasma membrane
preparations increased the ATPase [36] activity three-fold
(Fig. 7). A control phosphopeptide (data not shown) and a
dephosphoserine 259–Raf-1 peptide (Fig. 7) had no effect
on ATPase activity. Activation by PP2A was blocked by
microcystin (Fig. 7).
Discussion
Do 14-3-3 proteins provide a mechanistic link between
metabolism and control of signalling events in plants?
Our findings establish that the mechanism of inactivation
of NR involves the phosphorylation of Ser543 [4] followed
by interaction with one or more plant 14-3-3 proteins (Fig.
8a). After this paper was submitted, Bachmann et al. [37]
also reported the identification of NIP as a 14-3-3. The
14-3-3 proteins have previously been implicated in many
aspects of mammalian and yeast cell signalling, cell-cycle
control, and trafficking; therefore NR, an enzyme of
primary plant metabolism, seems at first sight a surprising
‘odd one out’ in the list of 14-3-3 targets. Unlike animals,
whose body plan is largely fixed from the embryo stage,
however, plant development is more ‘plastic’. Throughout
life, plants have numerous meristems that develop into
flowers, leaves, roots or other organs, depending on their
location, the developmental stage, sensitivity to hormones
and environmental stimuli, and metabolic status of the
plant. In particular, nitrate has a profound effect on many
aspects of cellular metabolism (including the activity state
of NR), gene expression (including induction of genes of
nitrogen and carbon metabolism) and plant development
(including timing of flowering and leaf senescence) [1]. 
It is not clear how a plant ‘senses’ its nitrate status and trig-
gers these cellular and whole-plant effects. However, now
that we know that NIP is composed of the 14-3-3 proteins
that are implicated in mammalian cell signalling and in
mediating interactions between different target proteins, we
wonder whether the activity status of NR might itself act as
a ‘signal’, using the NIP 14-3-3 as a ‘sensor’ to link phospho-
rylated NR to other 14-3-3 targets. Indeed, a previous
experiment with transgenic plants does hint at the possibil-
ity that the activity state of NR can affect other processes,
such as the expression of NR protein [9]. These transgenic
plants contained NR with a deletion in the amino terminus
(designated DNR) that could not be inhibited by NIP 14-3-
3s (see next section). Although the wild-type NR protein in
control plants was degraded after prolonged darkness
(because NR protein expression normally requires light [1]),
the DNR in the transgenics was not degraded even after
three days in the dark [9]. These results suggested that for-
mation of the phosphoNR–NIP 14-3-3 complex might be a
prerequisite for degradation of NR, and/or that the phos-
phoNR–NIP 14-3-3 complex might be a negative regulator
of light-induced NR protein expression.
Figure 7
Effects of fusicoccin, the phosphoserine 259–Raf-1 peptide and PP2A
on the activity of ATPase in plasma membrane preparations from radish
seedlings. ATPase activity was determined after preincubation of
plasma-membrane enriched fractions from radish seedlings (16 mg
protein in 100 ml) for 20 min at 30 °C with the following additions:
control (no additions); fusicoccin (10 mM); the phosphoserine 259–Raf-1
peptide (10 mM, see legend to Fig. 5); the dephosphoserine259–Raf-1
peptide (10 mM); PP2A (60 mU ml–1); PP2A (60 mU ml–1) and 2 mM
microcystin-LR. Values are means ± SD (n = 4).
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A common consensus site for binding 14-3-3 proteins in
plants and animals
The finding that an enzyme of primary metabolism (NR)
and an ion pump (the plasma membrane H+-ATPase)
from plants were both activated by a phosphoserine259
peptide derived from a mammalian signalling protein,
Raf-1 (Figs 5 and 7), strongly supports the proposal [31]
that binding of 14-3-3s to their targets is mediated by the
recognition of a consensus phosphoserine-containing
motif. It will be important to use a wider range of peptides
to determine the exact specificity determinants, and the
NIP assay will be convenient for screening peptides and
other potential effectors of 14-3-3 interactions.
Our finding that the phosphoserine 259–Raf-1 peptide
blocks NIP activity (Fig. 5) suggests that the 14-3-3s bind
directly to the analogous phosphorylated Ser543 site of
spinach NR. Previous experiments, however, have also
shown that the NIP 14-3-3s cannot inhibit phosphorylated
NR that has been truncated at the extreme amino-termi-
nal tail of the enzyme by either deletion mutagenesis [9]
or proteolysis [4]. It is possible that the 14-3-3 binding site
encompasses both the phosphoserine543 site and the
amino-terminal tail of NR. Alternatively, binding of the
14-3-3s to the phosphoserine543 site alone might trigger a
conformational change in the amino-terminal tail of NR
leading to inhibition of the enzyme.
The physiological effects of fusicoccin
In plants, a membrane-bound 14-3-3 protein has previously
been identified as the receptor for fusicoccin (Fig. 8) [24], a
tricyclic diterpene glucoside phytotoxin produced by the
fungus Fusicoccum amygdali, a natural pathogen of peach
and almond trees. Fusicoccin has profound effects on the
growth, solute uptake, and turgor of plant cells, which have
all been attributed to its activation of plasma membrane ion
pumps, particularly the plasma membrane H+-ATPase
[24,38–40] which pumps protons to the cell exterior
[38–40]. Support for the idea of a plasma-membrane-related
action of fusicoccin has come from findings that high-affin-
ity binding sites for the toxin have been found exclusively
in microsomal preparations of all plant tissues [24].
Nevertheless, we found that fusicoccin completely
blocked the action of the soluble NIP 14-3-3s (Fig. 6),
although the potency (acting in the high mM range) was
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(a) Regulation of spinach nitrate reductase (NR) by reversible
phosphorylation and NIP 14-3-3s. NR from spinach leaves is
converted to its low-activity form (for example, in the dark) by
phosphorylation at Ser543 [4], and subsequent interaction with NIP
14-3-3. It is the interaction of NIP 14-3-3 with phosphorylated NR that
is responsible for inhibition ([5–7]; this study). Divalent cations (Fig. 1)
and an intact amino-terminal tail on the NR [4,9] are both essential for
the NIP 14-3-3 interaction. Inhibition by NIP 14-3-3s can be blocked
by fusicoccin (Fig. 6), or by the phosphoserine 259–Raf-1 peptide
(Fig. 5). Reactivation can occur by dephosphorylation of NR with PP2A
[7] and/or dissociation of the NIP 14-3-3s. (b) A speculative model for
regulation of the plant plasma membrane H+-ATPase based on the
NR–NIP paradigm. The in vitro activating effects of fusicoccin, the
phosphoserine 259–Raf-1 peptide, and PP2A (Fig. 7) lead us to
speculate that, like NR (a), the plasma membrane H+-ATPase may be
converted to a low-activity form by a mechanism involving
phosphorylation and interaction with the fusicoccin receptor 14-3-3s.
In this model, binding of fusicoccin to the membrane-bound fusicoccin
receptor 14-3-3, or dephosphorylation of the plasma membrane H+-
ATPase, would relieve inhibition of the plasma membrane H+-ATPase.
To our knowledge, the model is consistent with all of the experimental
data on the regulation of the plasma membrane H+ATPase (see
Discussion) but has not been tested by reconstitution experiments.
lower than has been reported for activation of the plasma
membrane H+-ATPase (fusicoccin concentrations in the
low mM range) [24,38–40]. Like the activation of the
plasma membrane H+-ATPase by fusicoccin, which is pH-
dependent [24,38,39], its ability to block NIP activity is 10-
fold greater at pH 6.5 than at pH 7.5. These results suggest
that fusicoccin interacts with the membrane-bound and
soluble 14-3-3s in a broadly similar fashion.
Whether or not the NIP-14-3-3s are physiological targets
for fusicoccin, our findings clearly raise the possibility that
this compound or its derivatives may be generally useful
tools for disrupting 14-3-3 actions. Furthermore, plants
have been reported to contain endogenous molecules that
can displace fusicoccin from the fusicoccin receptor 14-3-3
[41], raising the intriguing possibility that plant (and
animal) extracts may contain physiological regulators of
14-3-3 interactions.
A revised model for regulation of the plasma membrane
H+-ATPase
We found that fusicoccin, the phosphoserine 259–Raf-1
peptide, and PP2A each activated the ATPase in a fraction
enriched with radish plasma membrane three-fold (Fig. 7).
Adding any two of these reagents together did not give
any increased activation (not shown). The radish ATPase
was more sensitive to activation by these reagents than the
ATPase in a plasma membrane fraction prepared from
spinach leaves (not shown). These differences could be
due to factors such as the activation state of the ATPase at
the beginning of the experiment, the maximal specific
activity of the plasma membrane H+-ATPase itself, and
accessibility of the reagents to their targets in the differ-
erent plasma membrane preparations.
The activation of the ATPase by fusicoccin, the phosphoser-
ine259–Raf-1 peptide and PP2A (Fig. 8) was similar to the
effects of these reagents on NR activity (Figs 5 and 6) [7].
These findings lead us to propose similar mechanisms for
regulation of NR and the plasma membrane H+-ATPase by
reversible phosphorylation and 14-3-3 proteins (Fig. 8b). In
this new model, the plasma membrane H+-ATPase can exist
in a low-activity, phosphorylated form that is inhibited by
the fusicoccin receptor 14-3-3. It follows that the inhibitory
effects of the 14-3-3s can be relieved by dephosphorylation,
and/or dissociation of the 14-3-3s caused by fusicoccin and
the phosphoserine 259–Raf-1 peptide (Fig. 7).
Our proposal for regulation of the plasma membrane
H+-ATPase (Fig. 8b) differs from a current model in which
binding of fusicoccin to its receptor is proposed to trigger a
signalling pathway that leads to the activation (dephospho-
rylation) of the H+-ATPase [24]. As far as we are aware,
however, there is nothing in the literature which contradicts
our proposal (Fig. 8b). On the contrary, several lines of
evidence are consistent with this suggestion. For example,
solubilized plasma membrane H+-ATPase and the fusicoc-
cin binding protein (14-3-3) co-migrated on a linear sucrose
gradient, which is consistent with the possibility of a physi-
cal interaction; there is a linear stoichiometric relationship
between the amount of fusicoccin bound to its receptor and
the activation of the plasma membrane H+-ATPase [38]; the
activation of plasma membrane H+-ATPase in response to
fungal elicitors (of plant defences) is blocked by the protein
phosphatase inhibitor, okadaic acid [40]; and inactivation of
the plasma membrane H+-ATPase by calcium-dependent
protein kinases has also been reported recently [42].
Although none of the published plasma membrane
H+-ATPase sequences contain the ‘consensus’ 14-3-3
binding R(S/T)XSXP motif [17,31], a related sequence is
present in a putative cytoplasmic domain [17]. Perhaps dif-
ferent 14-3-3s bind to different consensus sequences, or
maybe the 14-3-3 interacts with the plasma membrane H+-
ATPase through an intermediary protein. It will clearly be
crucial to determine whether 14-3-3s bind directly to the
plasma membrane H+-ATPase, and whether the relevant
serine residue in the H+-ATPase is phosphorylated. As the
electrochemical gradient generated by the plasma mem-
brane H+-ATPase supports the import of nutrients, includ-
ing nitrate, it will also be interesting to find out whether NR,
the plasma membrane H+-ATPase and nitrate transport are
coordinately regulated by reversible phosphorylation in vivo.
Comparing signalling mechanisms in plants and animals
One of the fascinating aspects of research on plant sig-
nalling mechanisms is that although many components
have been found to be extremely similar to those in other
eukaryotes (e.g., PP1, PP2A, and the 14-3-3 proteins),
other components are either more ‘prokaryotic’ in nature,
unique to plants, or are hybrids with both familiar and
novel features. Plants and animals are multicellular organ-
isms with very different forms and lifestyles, and espe-
cially as the genome sequencing projects progress,
comparing cellular regulation in the two Kingdoms is
becoming increasingly mutually beneficial in provision of
generally useful reagents, and in understanding which are
the important general principles of control and which
aspects are specific to particular responses.
Materials and methods
Materials
The phosphoserine 259–Raf-1 peptide LSQRQRSTS*TPNVHMV,
where S* represents phosphorylated Ser 259 in Raf-1, was synthesised
by P. Fletcher using N-9-fluorenylmethoxycarbonyl chemistry on an
Applied Biosystems 430A peptide synthesiser and reagents supplied by
the manufacturer. The phosphoserine residue was incorporated using
FMOC-phosphoserine (Novabiochem). Other peptides were synthesized
by Immunosystems, Bristol, UK, G. Bloomberg, University of Bristol, UK,
and B. Caudwell, MRC Unit, Dundee. Peptides were purified by reverse-
phase HPLC, their structures were verified by mass spectrometry, and
peptide concentrations determined by amino-acid analysis.
The catalytic subunit of PP2A was purified from cardiac muscle by Bob
MacKintosh, MRC Unit, Dundee. One unit is the amount that dephos-
phorylated 1 mmol phosphorylase a per minute [7]. Microcystin-LR was
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from Gibco BRL, UK, and fusicoccin from Sigma was dissolved to
50 mM in ethanol before adding to aqueous buffers.
NIP assays
NIP was identified by its ability to inhibit NR in the presence of an
excess of both Mg-ATP and NR kinase [10]. Preincubations contained
10 mg of a desalted 0–30 % saturated (NH4)2SO4 fraction of a spinach
leaf extract (this fraction was the source of both NR and NR kinase),
2 mM ATP and stated volumes of NIP fractions in a total volume of 50 ml
in buffer A (50 mM Hepes-NaOH (pH 7.5), 10 mM MgCl2, 1 mM DTT).
NR assays were initiated by addition of 50 ml of buffer A containing
2 mM KNO3 and 200 mM NADH. Nitrite was measured by reading the
A540 after reaction with sulphanilamide and N-(1-napthyl)ethylenedi-
amine dihydrochloride [7]. The NR activity in the absence of NIP and
Mg-ATP was ∼ 10 nmol min–1 ml–1 in the assays. One unit of NIP activity
was defined as that amount which gave 50 % inhibition of phosphory-
lated NR in the standard assay. The maximal inhibition by NIP of phos-
phorylated NR in the 0–30 % (NH4)2SO4 fraction used as substrate in
this study (> 85 %) was greater than for several other 0–30 %
(NH4)2SO4 fractions and purified NR preparations, which presumably
contained proteolysed NR that is less sensitive to NIP inhibition [4].
Purification of NIP
Spinach was grown, leaves were harvested, frozen and stored at –70°C,
as described [7]. Spinach leaves were homogenized in 1.6 vol buffer A,
the homogenate was centrifuged for 20 min at 9 900 g and filtered
through two layers of miracloth and glasswool. A 40–70 % saturated
(NH4)2SO4 fraction of the extract was prepared and dialysed into buffer
A. The pH was reduced to 5.5 by drop-wise addition of 1 N acetic acid,
the solution was stirred gently for 10 min and precipitated protein
removed by centrifugation for 10 min at 11 000 g. The supernatant was
adjusted to pH 7.5 by addition of ammonium hydroxide, clarified by cen-
trifugation (10 min at 25 000 g) and loaded onto a 25 ml column of Q-
Sepharose equilibrated in buffer A. After washing with buffer A
containing 0.2 M NaCl, NIP activity was eluted in buffer A containing
0.45 M NaCl (∼ 30 ml). The solution was diluted with 1 vol buffer A con-
taining 2.5 M (NH4)2SO4, stirred gently for 5 min, and loaded onto a 2 ml
column of Phenyl Sepharose (Pharmacia) equilibrated in buffer A con-
taining 1.25 M (NH4)2SO4. The column was washed in buffer A contain-
ing 0.6 M (NH4)2SO4 and NIP activity was eluted in buffer A and dialysed
briefly in buffer A. The dialysate was passed through a 0.22 mm syringe
filter and loaded onto a Mono Q HR 5/5 column (Pharmacia) equilibrated
in buffer A and the column washed in buffer A until the A280 had returned
to baseline. The column was developed with a linear gradient of
0–500 mM NaCl in buffer A over 20 min at 1 ml min–1. Fractions (1 ml)
containing NIP activity were pooled and concentrated to 150 ml in a Cen-
tricon 10 (Amicon) and loaded onto a Superose 6 HR 10/30 gel filtration
column (Pharmacia) equilibrated in buffer A containing 0.1 M NaCl. The
column was run at 0.25 ml min–1 and 0.25 ml fractions were collected.
The peak fractions were pooled and diluted to 5 ml with buffer A contain-
ing 1.25 M (NH4)2SO4 and loaded at 0.5 ml min–1 onto a Phenyl Super-
ose HR 5/5 column (Pharmacia) equilibrated in the same buffer. The
column was developed with a linear gradient of 1.25–0 M (NH4)2SO4 in
buffer A over 40 min at 0.5 ml min–1 and 1 ml fractions were collected.
Protein assay reagent was from PierceWarriner, Chester, UK.
Sequencing of NIP proteins
The four protein bands present in fractions containing NIP activity were
separated by SDS–PAGE using a 12 % gel and were electrophoreti-
cally transferred to ProBlott (Millipore, Watford, UK). Each band was
cut out and sequences determined by Edman sequencing on an
Applied Biosystems 476A protein sequencer.
Digestion of NIP with alkylated trypsin and HPLC separation of
peptides
Gel slices containing each of the four NIP bands were washed in
Milli-Q water (5 × 1 ml) for 1 h and brought to near dryness by rotary
evaporation. The gel slices were suspended in 250 ml buffer B (50 mM
Tris-HCl pH 8.0, 0.01 % alkylated Triton X-100) containing 1 mg of
alkylated trypsin (Boehringer) and incubated for 20 h at 30°C. The
supernatant was removed and a further 250 ml buffer C without trypsin
was added for 4 h. The combined supernatants were applied to a
150 × 2.1 mm Vydac C18 column equilibrated in 0.1 % trifluoroacetic
acid (TFA) attached to a Applied Biosystems 140B HPLC system. The
column was developed with a linear acetonitrile gradient in 0.09 % TFA
with an increase in acetonitrile concentration of 0.5 % per min.
Absorbance at 214 nm was recorded with an on-line monitor. The flow
rate was 0.2 ml–1 min–1 and fractions were collected manually.
Purification of mammalian and yeast 14-3-3 proteins and
anti-14-3-3-antibodies
A 14-3-3 protein mixture was purified from sheep brain. The ζ and τ
isoforms of mammalian 14-3-3s were expressed in Escherichia coli
and purified by a combination of anion-exchange and hydrophobic
interaction chromatography. Antibodies against mammalian brain
14-3-3 isoforms were raised in rabbits [23,24].
The 6-His tagged BMH1 and BMH2 14-3-3 isoforms from Saccha-
romyces cerevisiae were expressed in E. coli DH5a from the trc pro-
moter in plasmid pTrcHisA, as follows: polymerase chain reaction
(PCR) mixes (0.1 ml) contained 10 mM Tris (pH 8.5), 50 mM KCl,
2 mM MgCl2, 0.1 mg–1 ml–1 gelatin, 0.2 mM each dNTP, 100 pmol
each primer, 100 ng DNA and 1.25 units Taq polymerase which was
added when the reaction mix was at 94 °C. Conditions for each cycle
were 94 °C for 1 min to denature the DNA; 55 °C for 1 min to anneal
the primers; and 72 °C for 1 min of DNA chain extension. The primers
(synthesized by the NIMR sequencing service) were for BMH1,
5′CGCGGATCCATGGTCAACCAGTCGTGAAGATTC (which carries
a BamH1 site) and 5′CCCAAGCTTTTACTTTGGTGCTTCACCTTCG-
GCGGCAGC (which carries a HindIII site); and for BMH2 5’CGCG-
GATCCATGTCCCAAACTCGTGAAGATTC and 5’CCCAAGCTT-
TTATTTGGTTGGTTCACCTTGAG. Products were electrophoresed
on a 1 % (w/w) TAE agarose gel and DNA fragments were purified
using a Gene-clean kit from Bio101. After ligation into the plasmid, the
PCR products were sequenced by the dideoxy chain termination
method using the Sequenase kit (USB). E. coli DH5a transformed with
the overexpressing plasmid was grown in L broth containing 50 mg
ampicillin ml–1 until the absorbance at 600 nm reached 0.6, and
expression was induced for 3 h with 0.5 mM isopropyl-thio-b-D-galac-
topyranoside. Cells were harvested by centrifugation, resuspended in
buffer B (1.5 mM Na2HPO4, 5 mM KH2PO4 (pH 7.2), 137 mM NaCl,
5 mM KCl, 1 mM DTT, 1 mM EDTA, 5 % glycerol and 1 mM phenyl-
methylsulphonyl fluoride) and sonicated at 12 microns for 7 cycles of
30 sec sonication and 30 sec cooling. The sonicate was clarified by
centrifugation, and applied to a Ni2+-nitrilotriacetic acid–agarose
column equilibrated and washed in buffer B. Fusion proteins (6His
BMH1 and 6 His BMH2) were eluted in buffer B containing 100 mM
imidazole, concentrated in a Centricon-10 (Amicon), dialysed into
storage buffer (25 mM Tris.HCl (pH 8), 90 mM NaCl, 1 mM EDTA,
1 mM DTT and 50 % (v/v) glycerol) and stored at –20 °C.
Purification of plasma membranes and ATPase assays
Spinach leaves (100 g) were cut in small pieces and infiltrated under
vacuum for 1 h with 300 ml of 0.33 M sucrose, 10 mM Mes-Tris (pH
6.0), 5 mM microcystin-LR and frozen in liquid N2. Plasma membrane
fractions were isolated from microsomes from both the spinach leaves
and 24 hour-old dark-grown radish seedlings, by aqueous two-phase
partitioning as in [43], except that the extraction buffers contained
1 mM microcystin-LR to inhibit endogenous type 1 and 2A protein
phosphatases. The plasma membranes were frozen in liquid N2 before
use. ATPase assays were carried out in 50 mM Mes-Tris (pH 6.8),
50 mM KCl and 1 mM molybdate, assays were initiated by addition of
ATP (1 mM final), and inorganic phosphate release was measured [36].
In these experiments, the ATPase activity was largely blocked (> 90 %)
by 50 mM orthovanadate, an inhibitor of the plasma membrane
H+-ATPase [36]; whereas, nitrate, an inhibitor of the vacuolar ATPase
[36], blocked < 15 % of the activity (data not shown).
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